Quantitative in situ hybridization revealed that following the induction of hippocampal long-term potentiation (LTP) in the dentate gyms of freely moving rats, specific increases in the expression of the NR2B subunit of the N-methyl-D-aspartate (NMDA) receptor and mGluRlc, a short splice variant of the metabotropic glutamate receptors that are linked intracellularly to phospholipase C (PLC) and protein kinase C (PKC), were seen in the postsynaptic dentate granule cells. There were no changes in the expression of NR2A; NR2C and NR2D NMDA receptor subunits; or mGluRla, mGluRlb, mGluR5a, and mGluR5b PLC-associated metabotropic receptors. The elevations in NR2B and mGluRlc mRNA were delayed, occurring days after LTP induction. NR2B expression was enhanced significantly by 48 hr after LTP but was starting to decrease toward basal levels by 96 hr. The transient increase in the expression of NR2B mirrored the increase in the expression of PKC-sensitive isoforms of the NR1 subunits of the NMDA 4Corresponding author. receptor we observed previously (Thomas et al. 1994a ). The increase in mGluRlc expression was more persistent, showing a significant increase 96 hr after LTP. This study demonstrates that not only are there changes in the expression of individual glutamate receptor subunits but the increases in their expression occur days after the induction of LTP and may reflect so-called late-onset genes that may be important for the maintenance of LTP.
Introduction
Hippocampal long-term potentiation (LTP) is a persistent, specific, and activity-dependent form of synaptic plasticity that has been demonstrated in the adult mammalian brain and is accepted widely as a potential candidate for the cellular basis for learning and memory (Bliss and Collingridge 1993) . It is now well established that activation of the N-methyl-o-aspartate (NMDA) receptor is required for the induction of LTP (Collingridge et al. 1983) and that the ot-amino-3-hydroxy-5-methyl-4-isoxazole proprionate (AMPA) receptor plays a major role in its maintenance (Muller et al. 1992 ). More recently, however, it has been shown that the NMDA receptor mediated synaptic transmission also undergoes lasting potentiation (Bashir et al. 1991; Asztely et al. 1992 ).
Further, it has been shown, with in vitro studies, that phosphorylation of NMDA receptor subunits by protein kinase C (PKC) can potentiate NMDA receptor function (Durand et al. 1992; Kutsawada et al. 1992; Urushihara et al. 1992) and this, in turn, suggests that phosphorylation of NMDA receptor is a potential mechanism for the prolonged enhancement of the excitatory postsynaptic potential (EPSP) associated with maintenance of LTP.
The NMDA receptor is an oligomeric receptor, composed of NR1 subunits, which form the lining of the ion channel itself, and modulatory NMDA receptor 2 (NR2) subunits (A-D), in an unknown stoichiometry (Hollmann and Heinemann 1994) . Coexpression studies in vitro and the differential expression of individual subunits in the brain reveal a high degree of molecular and functional diversity of the NMDA receptor in which the NR2 subunits are the major determinants of this diversity (Seeburg 1993; Mori and Mishina 1995) . We have shown previously there are increases in the expression not only in the 7 isoform of PKC (Thomas et al. 1994b ) during the maintenance of LTP but also in isoforms of the NMDAR1 subunit that are sensitive to PKC phosphorylation (Thomas et al. 1994a ). NR2 subunits may also be targets for phosphorylation, and, indeed, synaptic membrane NR2A and NR2B subunits show basal levels of tyrosine phosphorylation in vivo that can undergo further tyrosine phosphorylation by endogenous tyrosine kinases (Lau and Huganir 1995) . Because tyrosine phosphorylation plays a significant role in LTP (O'Dell et al. 1991; Grant et al. 1992) , it is possible that LTP is correlated with the increased expression of NR2 subunits that are targets for tyrosine phosphorylation.
More recently, the metabotropic glutamate receptors (mGluR's) have been implicated in an LTP-type mechanism, as Bortolotto and Collingridge (1993) have shown that the agonist ( 1S,3R)-1 -aminocyclopentane-1,3-dicarboxylic acid (ACPD) induces a slow onset potentiation in the CA1 region of the slice. This form of potentiation and electrically induced LTP are blocked by the antagonist, (RS)-e~-methyl-4-carboxyphenylglycine (MCPG) (Bashir et al. 1993; Bortolotto and Collingridge 1993) . Since then, replication of the effects elicited by both the agonist and the antagonist has been met with mixed success, where some have been able to replicate the results (Richter-Levin et al. 1994; Manahan-Vaughan and Reymann 1995; Riedel et al. 1995) and others report failure (Chinestra et al. 1993; Manzoni et al. 1994; Ben-Ari and Aniksztejn 1995; Selig et al. 1995) or have shown the effect to be linked with other excitatory amino acid receptors (see Musgrave et al. 1993; O'Connor et al. 1994 O'Connor et al. , 1995 Bortolotto and Collingridge 1995) .
To date, eight genes of the G protein linked mGLuR's have been cloned and characterized (for review, see Pin and Bockaert 1995; Pin and Duvoisin 1995) . These receptors have been classified into three groups dependent on their signal transduction mechanisms and their pharmacology. Class I type receptors, consisting of mGluR1 and mGluR5, activate phospholipase C (PLC) and subsequently PKC, whereas class II type receptors (mGluR's 2 and 3) are linked negatively to cAMP. Both these receptor classes are sensitive to ACPD, whereas class III type receptors (mGluR's 4, 6, 7, and 8) correspond to the L-2-amino-4-phosphorobutyrate (L-AP4) receptor and are insensitive to ACPD (see Pin and Duvoisin 1995) . Based on these actions and their differential distribution within the brain, it is more than likely that LTP or similar type mechanisms would be mediated via the class I receptors and this finds support from more recent data using the selective class I receptor agonists (Gerreau and Conn 1995; Fitzjohn et al. 1996) .
The expression of LTP is believed to be dependent upon the synthesis of proteins (Frey et al. 1989; Otani and Abraham 1989) and data is accumulating to suggest a differential time course for the expression of genes. Within the first few hours of the induction of LTP, an increase in the expression of certain immediate early genes is observed (Cole et al. 1989; Dragunow et al. 1989; Wisden et al. 1990; Abraham et al. 1991 ) . This is followed by expression of presynaptic vesicle proteins such as syntaxin (Smirnova et al. 1993; Lynch et al. 1994) and synapsin ) and calcium-dependent kinases such as e~CaMKII and ~/PKC (Thomas et al. 1994b) . At later time points, e.g., 24 hr after the induction of LTP, expression of the calcium-independent kinases ERK2 and raf-B occurs (Thomas et al. 1994b) , and at 48 hr, expression of the NMDA receptor subunit NR1 is increased (Thomas et al. 1994a ). Based on these data, we investigated the expression of the NR2 subunits of the NMDA receptor, which are subject to tyrosine phosphorylation, and the class I type mGluR subtypes that are coupled to the activation of PKC, an event that takes place downstream to the induction of LTP (Malenka et al. 1989; Malinow et al. 1989; Klann et al. 1993) . 
Materials and Methods

LTP INDUCTION
Adult male Sprague-Dawley rats (n = 27)were anesthetized [sodium pentobarbitone, 60 mg/kg, intraperitoneally (i.p.)] and prepared for chronic recording as described previously (Laroche et al. 1989) . Recording electrodes (two 62-p~m diameter nichrome wires, placed inside a tube and staggered 200 ~m point to point) were lowered into the hilus of the dentate gyrus (coordinates: Bregma-4.2 mm, Midline-2.5 mm)under physiological control. Concentric bipolar stimulating electrodes (a 150-1xm diameter stainless steel wire inserted inside a 300-1xm microtube) were lowered into the angular bundle of the perforant path (coordinates: Bregma-7.8 mm, Midline-4.4 mm) until a positive going field potential was elicited. Dental acrylic, anchored to the skull by screws, encased the electrodes and held the assembly in place. Rats were allowed --10 days to recover from surgery. During this period they were habituated to the recording chamber (25 × 25 × 50 cm) for 30 min a day. Recording and stimulating cables were relayed at the top of the chamber through a multichannel rotating commutator. Forty test pulses (100 I~s) to the perforant path were delivered at a rate of 1 per 30 sec on each experimental day commencing 20 min after the start of each session. The test intensity was adjusted to give a population spike of approximately 1 mV. On day 3, the recording session was lengthened and LTP was induced by delivery of six series, at 2-min intervals, of six high-frequency trains (400 Hz for 20 ms) at 0.1 Hz. To increase the number of potentiated synapses the stimulus intensity was increased during the tetanus to give a population spike of 80% of its maximum. Lowfrequency testing was then resumed for 30 min and for 20 min each day for the next 4 days. The same protocol was applied to stimulated controls except that each high-frequency train on day 3 was replaced by a single shock of high intensity. In another group, high-frequency stimulation was given in the presence of the selective competitive NMDA receptor antagonist 3-[(RS)-2-carboxypiperazin-4-yl]-propyl-1-phosphonic acid (CPP). Two hours prior to tetanic stimulation, CPP was injected i.p. at a dose of 10 mg/kg. Field potentials were evoked by test pulses at 0.033 Hz to the perforant path (via a photically isolated constant current unit) and were recorded through field effect transistors placed on the rats heads'. Signals were amplified, filtered (bandpass from O.1Hz-3 KHz), digitized at 12.5 KHz and averaged in groups of four for storage on disc and off-line analysis. The EPSP was measured by calculating the maximum slope of the early rising phase and the amplitude of population spike was measured by drawing a tangent from peak to peak and dropping a line to its maximum negative peak. For each individual rat, the data were expressed as a percent change of the mean baseline value obtained before high-frequency stimulation (days 1-3).
IN SITU HYBRIDIZATION
Rats were killed by stunning and decapitation after the end of the recording session: 2 hr, 1, 2, and 4 days after the induction of LTP, and whole brains were rapidly removed and frozen on dry ice. For the LTP group n --3 at 2 hr, n = 3 at 24 hrs, n = 6 at 48 hr, and n = 4 at 96 hr. For the stimulated controls n = 2 at 2 hr, and n = 1 at 24 and 48 hr, and n = 4 at 96 hr. For the group where the tetanus was given in the presence of CPP, n = 3 at 4 days. The brains were stored at -70°C until sectioned. Fifteen-micron sections were cut at -20°C on a freezing microtome (Bright Instruments) and thaw-mounted onto poly-L-lysine (hydrobromide mol. wt. >300,000, Sigma) coated glass slides (0.02 mg/ml diethyl pyrocarbonate treated water). The sections were air-dried for not less than 30 min, fixed in 4% paraformaldehyde in 0.1 i PBS (pH 7.4) for 5 min, rinsed in PBS for 1 min, delipidated in 70% ethanol for 4 min, and stored in 95% ethanol at 4°C.
In situ hybridization using 35S-labeled DNA oligonucleotide probes (45mers) was performed essentially as Wisden et al. (1991 ) . The short isoforms of mGluR1, mGluRlb and mGluRlc, were generated by alternative splicing, at least one exon from a single gene mGluRla; mGluRlb had an 85-bp sequence containing a terminal codon inserted at position 2652 of mGluRla, whereas mGluRlc was identical to mGluRla except that the last 312 amino acids are replaced by 10 residues (Pin et al. 1992; Tanabe et al. 1992 ). mGluR5b was generated by the inclusion of a 96-bp insertion at position 2627 of mGluR5a, resulting in a protein that was 32 amino acids longer than mGluR5a (Minakami et al. 1993) . Oligonucleotides complementary to nucleotides 3004-3048 of mGluRla (Masu et al. 1991) , 2653-2697 of mGluRlb (Tanabe et al. 1992) , 2676-2720 of mGluRlc (Pin et al. 1992), 2875-2919 of mGluR5a (Abe et al. 1992) , and 2629-2673 of the coding sequence of mGluR5b (Minakami et al. 1993) were generated on an ABI DNA synthesizer. Specific oligonucleotides for NR2A, NR2B, NR2C, and NR2D were also synthesized identical to those reported by Monyer et al. (1994) . Hybridized sections were apposed initially to Kodak BioMax film before being dipped in photographic emulsion (Ilford K5) to reveal the cellular distribution of the mRNA. Silver grain density was assessed bilaterally in the dentate gyrus of the hippocampus using an MCID package from Imaging Research Inc. (Canada). The density of silver grains over nine individual dentate granule cells was measured in one chosen field, namely the middle of the ventral blade of the dorsal dentate gyrus. Counts in at least two pairs of adjacent sections from each rat were performed. Autoradiograms from film images after in situ hybridization of coronal brain sections cut at the level of the hippocampus are shown. Increased whiteness in the photographs printed directly from film corresponds to higher levels of hybridization of the specific 35S-radiolabeled DNA probes. High NR2A and NR2B expression is detected in all neuronal cell layers of the hippocampus. The signal for NR2C mRNA is more diffuse than those for NR2A and NR2B and indicates localization to nonglutamatergic cells. There was not evident expression of NR2D in the adult hippocampus. (dg) Granule cell layer of the dentate gyrus; (CA1 and CA3) subregions of the pyramidal cell layer of the hippocampus.
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One section of each pair representing the total grain density and another representing nonspecific grain density, were defined by inclusion of 100 times excess unlabeled probe. For all specific oligonucleotides there were no differences in the density of silver grains over dentate granule cells in the nonstimulated side or the stimulated controls (data not shown). Therefore, the results (mean total -mean nonspecific) for each pair of sections were standardized and expressed as the ratio (%) of the density of grains over dentate granule cells ipsilateral to LTP induction to the density of grains in the contralateral dentate gyrus. Standardized results in the experimental rats (at least n = 3 at each time point investigated, see above) were analyzed by repeated measures ANOVA.
Results
LTP
High-frequency stimulation of the perforant path produced LTP of both the field EPSP (Fig. 1A) & 
DISTRIBUTION OF NR2 AND mGLUR TRANSCRIPTS
High levels of NR2A, NR2B, and NR2C expression were seen in hippocampal field of the normal adult (Fig. 2) . High-power light field microscopy after high-resolution emulsion autoradiography (not shown) revealed that the expression of NR2A and NR2B was localized predominantly to the dentate granule cells and pyramidal cells of the CA regions, whereas NR2C transcripts were absent from these neurons. NR2C showed a distinct pattern of expression that correlated with the distribution of glial fibrillary acidic protein (GFAP)-expressing cells in the hippocampus and other brain regions at this coronal level in adjacent sections, and may reflect NR2C mRNA in astrocytes (data not shown). We were unable to detect NR2D expression in the adult rat brain. The very low diffuse signal for NR2D in thalamic regions was not displaced by excess cold NR2D probe and represents a nonspecific signal.
Within the hippocampal fields, mGluRla, mGluRlb, and mGluRlc all showed the highest expression levels in the dentate granule cells, whereas there was no apparent expression in the CA1 pyramidal cells (Fig. 3) . mGluRla and mGluRlb expression was seen at moderate levels in CA3 pyramidal cells with no apparent signal for mGluRlc in this region. In contrast, the highest levels of mGluR5b expression in the hippocampus was observed in CA1 and CA3 pyramidal cells, wheras only a moderate expression was observed in dentate granule cells (Fig. 3 ). mGluR5a showed a very low level of expression in dentate granule and CA pyramidal cells of the hippocampus.
NR2, mGLUR1, AND mGLUR5 EXPRESSION DURING LTP MAINTENANCE
Following tetanic stimulation of the perforant path, there was no significant change in the ex-D Figure 3 : Localization of PLC-coupled mGluR1 expression in the hippocampus, mGluRla (A), mGluRlb (B), mGluRlc (C), mGluR5a (D), and mGluR5b (E). Moderate levels of mRNA for mGluRla and mGluRlb was found in the dentate granule cell layer and CA3 region but no signal was seen in CA1. There was moderate expression of mGluRlc in the dentate gyrus but low expression in CA3. No observable signal for mGluRlc was seen in CA1. There was high levels of mGluR5b expression but low levels of mGluR5a mRNA throughout the neuronal cell layers of the hippocampus.
pression of NR2A subunits of the NMDA receptor in dentate granule cells with respect to the contralateral nonpotentiated cells [F(1,14)=1.38; P>O.05; Fig 4A] . However, there was an increase in the expression of NR2B subunits in the potentiated granule cells [ Fig. 4B; F(1,24) =6.51; P<O.05 ]. This increase showed a temporal pattern where at 24 hr it was starting to increase, peaked and was highly significant at 48 hr (see Fig. 5 ), and by 96 hr, although still slightly elevated, it was no longer significant. NR2C expression in the nonneuronal cells near the ventral blade of the dorsal dentate gyrus was not altered [F(1,20)=2.03; P>O.05], and at no time point after induction of LTP was NR2D expression in the granule cells changed (data not shown).
There were no changes in the expression of mGluRla IF(I,14)= 3.70; P>O.05] and mGluRlb [F(1,18)< 1] in the dentate granule cells 2, 24, 48, or 96 hr following the induction LTP (Fig. 6A,B) . However, there was a time-dependent effect of Figure 4 : The selective increase in the expression of NR2B subunits of the NMDA receptor in granule cells of the dentate gyrus after unilateral induction of LTP. The density of silver grains in dentate granule cells of the potentiated hemisphere (shaded bars) was expressed as a percentage of the density of silver grains counted in the nonstimulated contralateral dentate gyrus (open bars) generated by radiolabeled DNA probes specific for NR2A (A) and NR2B (B) mRNAs. High-frequency stimulation had no effect on the expression of NR2A at any time point studied after LTP induction. However, 48 hr poststimulation there was an increase in the expression of NR2B NMDA receptor subunits in the ipsilateral dentate granule cells (* P<0.05). The time course of increased expression of NR2B after LTP is identical to that identified previously for NR1 (Thomas et al. 1994a ). LTP on mGluRlc expression in the dentate gyrus [F(1,14)= 5.20; P<O.05; Fig. 6C ]. This manifested as a slow-onset increase in mRNA for this transcript, commencing at 24 hr but was not increased significantly until 96 hr after LTP. The levels of expression of mGluR5a were too low to quantify accurately, and there was no change in the expression of mGluR5b in granule cells at any time point after LTP induction [F(1,14)<l; Fig. 6D ]. The postsynaptic increase in expression of mGluR1 c in dentate granule cells 96 hr after LTP was prevented by preadministration of CPP, showing no difference in the level of expression of the mRNA between the stimulated and nonstimulated sides of the dentate gyrus IF( 1,16)< 1; data not shown].
D i s c u s s i o n
We have shown the differential expression of NR2 subunits of the NMDA receptor and mGluR1 and mGluR5 splice variants in the adult hippocampus using in situ hybridization and short radiola- A slow onset but persistent increase in the expression mGluRlc (C) was seen in dentate granule cells that were the postsynaptic targets of perforant path fibers that were tetanized (shaded bars) relative to contralateral side that was not stimulated (open bars). By 96 hr after LTP, this increase was significantly above normal levels of expression (* P<0.05). There were no changes in the expression of mGluRla (A), mGluRlb (B), or mGluR5b (D) in the granule cells at any time point examined after the induction of LTP.
beled DNA probes. NR2A and NR2B NMDA receptor subunits are expressed highly in the neuronal populations of the hippocampus, whereas NR2C is probably expressed in nonglutamatergic cells. These patterns of expression within the hippocampus are identical to those reported previously (Monyer et al. 1992 (Monyer et al. , 1994 . NR2D expression was not detected in the hippocampus or indeed other brain regions. In general, mGluR1 transcripts were found predominantly in the dentate gyrus granule cells but not CA1 pyramidal neurons, whereas mGluR5 transcripts, particularly mGluR5b, were more highly expressed in the CA1 than in dentate gyrus neurons. Earlier reports in which in situ hybridization experiments were carried out using radiolabeled antisense riboprobes that did not distinguish between splice variants of the mGluR1 show lack of expression in the CA1 cells (Masu et al. 1991; Pin et al. 1992 ). However, we find that mGluRlc had a restricted expression to granule cells of the dentate gyrus. Northern blot experiments have revealed high mGluR5b expression in the hippocampus (Minakami et al. 1993) . Moreover, the predominance of mGluR5b transcripts relative to mGluR5a transcripts in the adult rat brain has been reported previously (Joly et al. 1995; Romano et al. 1996) . In that study the authors were unable to obtain a specific signal with in situ hybridization but did identify mGluR5a transcripts in the brain using RT-PCR, which suggests very low levels of its expression in the adult under normal conditions.
After the induction of LTP at perforant pathdentate granule cell synapses in freely moving rats, we have shown that there is an increase in the postsynaptic expression of selective glutamate receptor subunits, namely the NR2B subunit of the ionotropic NMDA receptor and the mGluRlc splice variant of the metabotropic glutamate receptor. In both cases the up-regulation in mRNA levels showed a long latency, peaking around 48-96 hr after LTP induction. The enhanced levels of NR2B mRNA suggest that the increase is transient, as there was a slow increase across time that peaks at 48 hr and then starts to decline, whereas the increase in mGluRlc expression peaked at 96 hr. The fact that blockade of the induction of LTP with the NMDA receptor antagonist, CPP, also blocked any increase in expression of either the NR2B subunit or the mGluRlc subtype, suggests that the expression of these genes is dependent on the induction of LTP and not increased as a consequence of a nonspecific stimulation effect of highfrequency stimulation. Further experiments carried out at longer time points after the induction of LTP would be necessary to determine whether the increase in expression of these genes, at least the mGluRlc, shows a sustained increase in parallel with the duration of LTP, or whether there are several waves of expression of different genes that have different temporal windows and correlate with a cascade of events at different time points during the maintenance of LTP, as is alluded to by the increase in ~/PKC, cxCaMKII, ERK2, and raf-B (Thomas et al. 1994b ) and the NR2B subunit of the NMDA receptor.
The increase in NR2B expression followed the same time course and had the same profile as the increase in the expression of PKC-sensitive NR1 subunits after LTP that we have reported previously (Thomas et al. 1994a ). Therefore, not only does the expression of distinct NR1 and NR2 subunits of the NMDA receptor appear to be coregulated by LTP, but these particular NMDA receptor subunits are those that are targets for post-translational modification by phosphorylation.
A consequence of the serine-threonine phosphorylation of NMDA receptor subunits by PKC, presumably on PKC-sensitive NR1 subunits (Tingley et al. 1993) , is an enhanced channel conductance of the NMDA receptor (Durand et al. 1992; Kutsawada et al. 1992; Urushihara et al. 1992 ). Membrane-associated NR2A and NR2B subunits show basal levels of tyrosine phosphorylation in vivo that can undergo further tyrosine phosphorylation events by endogenous tyrosine kinases (Lau and Huganir 1995) , possibly in response to various forms of physiological stimulation. For example, electrophysiological studies have demonstrated that one consequence of tyrosine phosphorylation may be an increase in NMDA receptor function (Wang and Salter 1994) . The NR2B subunit was found to be the major tyrosine phosphorylated protein in the postsynaptic density in the brain (Moon et al. 1994) . These authors suggested that the NR2B subunit may anchor NMDA receptors at the postsynaptic membrane and tyrosine phosphorylation of NR2B could permit the interaction of NMDA receptors with other proteins of the postsynaptic density and create an assembly point for signal transduction complexes. Thus, the modification of NR2B specifically by tyrosine kinases may effect not only NMDA receptor kinetics but its proximity to and association with intracellular signaling proteins. Although tyrosine phosphorylation plays a critical role in LTP (O'Dell et al. 1991; Grant et al. 1992 ), we do not know yet whether targets for tyrosine phosphorylation include NR2B and what the consequences of NR2B phosphorylation is after LTP.
The transient increase in the expression of NR2B certainly suggests that this NR2 subunit has a particular role in LTP. Changes in the expression of a specific mRNA species with LTP may be correlated with comparable changes in the levels of protein for NR2B at some later time. If so, then one could speculate that modified/modifiable NR2B protein would contribute directly to the late phase maintenance of LTP. Alternatively, increased expression, especially when transient, of a particular mRNA, may reflect a compensatory response if a protein is targeted specifically for modification and breakdown at an earlier time point.
The finding of a slowly developing but persistent increase in mGluRlc expression may have important ramifications for the long-term storage of synaptic information in the hippocampus. Ultrastructure studies have shown that unlike mGluRla (and mGluR5), which is localized to the postsynaptic elements at the periphery of postsynaptic densities (Martin et al. 1992; Baude et al. 1993; Romano et al. 1995) , the shorter mGluRlb and mGluRlc are also found on nerve terminals, at least in the rat striatum (Fotuhi et al. 1993) . Moreover, we have seen mGluRl-like immunoreactivity in the mossy fibers and their terminals as well as in the granule cells themselves and their associated dendritic field (data not shown; antibody was a kind gift from Dr. S. Nakanishi, Kyoto University). At this point we are not able to distinguish whether the increased expression of the gene-encoding mGlulc is restricted to the post-or presynapse or at both locations, but as PLC-coupled mGluRs potentiate glutamate release from synaptosomes (Herrero et al. 1992 ) and at glutamatergic synapses (McBain et al. 1994) , increased mGluRlc expression in the dentate granule cells may correlate with enhanced levels of presynaptic mGluRlc present on mossy fiber terminals and this may function to enhance glutamate release at this site, secondary to the induction of LTP in the perforant path input onto the dentate granule cells. Thus, changes in the postsynaptic expression of proteins that are targeted to the presynaptic terminals during LTP could represent a good candidate mechanism underlying the propagation of long-lasting increases in synaptic strength within hippocampal circuits, a process that would have wide implications for a molecular mechanism involved in learning. Indeed, there is a precedent for both these ideas in previous studies investigating changes in the expression of the presynaptic protein, syntaxin 1B, which functions in the docking and priming of vesicles for calcium-dependent neurotransmitter release (Stidhof 1995) after induction of LTP (Smirnova et al. 1993) and learning . Smirnova et al. (1993) found a rapid and transient increase in the expression of syntaxin 1B in dentate granule cells after the induction of LTP at the perforant path-dentate gyrus synapses. Furthermore, an increase in the syntaxin 1B protein was observed in the terminal field of mossy fibers in CA3. The increase in syntaxin 1B would have profound consequences on the release of neurotransmitter at the axon terminals of dentate granule cells and as such may support the NMDA-independent, trans-synaptically mediated LTP at the mossy fiber-CA3 synapses that has been observed after tetanic stimulation of the perforant path (Yeckel and Berger 1990) . It is possible that the mGluR1 c receptor also may contribute to this form of trans-synaptic plasticity, and, given the
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Transgenic studies have implicated the importance of NR2B and mGluR1 in LTP. Mice that lack functional NR2A subunits do exhibit LTP at CA1 synapses, although the magnitude of the LTP for the given stimulation paradigm was smaller (Sakimura et al. 1995) , suggesting that NR2A may not be crucial for LTP at this synapse and NR2B present in the CA 1 neurons may be more so. However, NR2B-deficient mice do not live more than a few days unaided (Kutsuwada et al. 1996) , suggesting that NR2B has important functions apart from its role in plasticity in the adult brain. Indeed, the gene deletion study indicated that fully functional NR2B was necessary for the appropriate targeting of trigeminal neurons. Nevertheless, the study did show that the NR2B-deficient mice do not support juvenile LTD as do their NR2B-intact littermates. Two reports of mGluR1 knockouts (although not specifically mGluRlc deletion) have suggested that this metabotropic receptor subtype is necessary for the expression of LTP at least at some synapses (Aiba et al. 1994; Conquer et al. 1994) . Conquet et al. have found that the absence of mGluR1 was only detrimental on non-NMDA receptor-dependent LTP at the mossy fiber-CA3 synapse. This form of LTP is maintained by presynaptic modifications alone. In contrast, Aiba et al. (1994) showed diminished LTP at CA3 Schaffer collateral-CA1 sites, but concluded that because mGluRls are absent from CA1 pyramidal cells, the role of mGluR1 would be presynaptic and may reflect a gain control for transmitter release. These transgenic studies are not at odds with the current study in which we see an LTP-associated increase in the expression of a mGluR1 splice variant of this receptor that can be localized presynaptically. We suggest, further, that mGluRlc may regulate the presynaptic component of some forms of hippocampal LTP.
In summary, we have shown that an increase in the genes encoding selective glutamatergic receptor subunits and subtypes in the dentate gyrus occurs at delayed time points after the induction of LTP in the freely moving rat. The NR2B subunit of the NMDA receptor appears to peak at 48 hr, as was shown previously with the PKC-sensitive NR1 subunit (Thomas et al. 1994a) , whereas mGluRlc peaks at 96 hr. This differential time course suggests that they may be linked within a cascade of consequential events required to maintain the late phases of LTP. We do not know the exact function of this delayed up-regulation of expression, but it is tempting to speculate, in light of newly emerging data that has suggested that LTP triggers the conversion of silent synapses to functional ones (Isaac et al. 1995; Liao et al. 1995) , that these increases in NMDA and mGluR subunits may reflect a molecular mechanism to allow these new synapses to express plasticity.
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